C-myc, a member of the basic helix ± loop ± helix ± leucine zipper (bHLH-ZIP) protein family activates target genes in heterodimeric association with another bHLH-ZIP protein, Max. Max readily homodimerizes, competes with C-myc-Max heterodimers, and represses transcription. Four additional bHLH-ZIP proteins, Mad1, Mxi1, Mad3 and Mad4, heterodimerize with Max and also repress transcription of c-myc-responsive genes. We employed a yeast two-hybid approach to identify proteins which interact with Mxi. We identi®ed a novel ZIP-containing protein, Mmip1 (Mad memberinteracting protein 1) that strongly dimerizes with all four Mad members, but not with c-myc, Max, or with unrelated HLH proteins. The Mmip1-Mxi association is mediated by the ZIP domain of each polypeptide and is as strong or stronger than the associations between cmyc and Max or Max and Mxi1. In vitro, Mmip1 can inhibit DNA binding by Max-Mad heterodimers and, in vivo, can reverse the suppressive eects of Mad proteins on c-myc functions. Mmip1 is found in a variety of cells types, is induced by serum stimulation, and can be coimmunoprecipitated from ®broblasts in association with Mxi1. By interfering with the dimerization between Max and Mad family member proteins, Mmip1 can indirectly up-regulate the transcriptional activity of c-myc and suppress the antiproliferative actions of Mad proteins.
Introduction
The c-myc oncoprotein, member of the basic helix ± loop ± helix ± leucine zippr (bHLH-ZIP) family, plays important roles in proliferation, dierentiation, transformation, and apoptosis (DePinho et al., 1990; Askew et al., 1991; Marcu et al., 1992; Evan et al., 1992 Evan et al., , 1994 Evan and Littlewood, 1993; Amati and Land, 1994) . Cmyc is a DNA binding protein whose recognition site, CACGTG, conforms to the consensus E-box element (CANNTG) bound by other bHLH-ZIP proteins as well as the larger category of proteins lacking leucine zipper domains (the bHLH proteins) Halazonetis and Kandil, 1991; Kerkho et al., 1991; . In transient transfection experiments, c-myc has been demonstrated to activate reporter genes whose promoters contain one or more c-myc binding sites (Kretzner et al., 1992; Amin et al., 1993; Gu et al., 1993; Gupta et al., 1993) . This property is mediated by a structurally distinct transactivation domain (TAD) in the amino terminal third of the protein (Kato et al., 1990; Min and Taparowsky, 1992) . In Burkitt's lymphoma, where a c-myc gene is juxtaposed to an immunoglobulin locus (Spencer and Groudine, 1990) , mutations within the TAD are commonly observed (Bhatia et al., 1993) and may render the mutant protein less susceptible to negative cellular control (Gu et al., 1994) .
C-myc homodimerization can be observed at extremely high protein concentration (Dang et al., 1989) . Under physiologic conditions, however, homodimerization does not occur (Smith et al., 1990; Dang et al., 1991) . Rather, the actual DNA binding entity in vivo is believed to consist of a heterodimer between cmyc and Max, another member of the bHLH-ZIP family (Blackwood and Eisenman, 1991; Amati et al., 1992 Amati et al., , 1993a Blackwood et al., 1992; . Max, however, readily homodimerizes (Berberich and Cole, 1992; Ferre-D'Amare et al., 1993; Prochownik and Van Antwerp, 1993) and can compete with c-myc-Max heterodimers for the identical binding sites (Berberich and Cole, 1992; Prochownik and Van Antwerp, 1993) . However, because Max lacks a TAD (Min and Taparowsky, 1992) , it tends to repress c-myc target genes (Kretzner et al., 1992; Amin et al., 1993; Gu et al., 1993; Min and Taparowsky, 1992) .
Four additional closely related bHLH-ZIP members of the`c-myc network' have been identi®ed. These proteins are collectively referred to as the Mad family and consist of Mad1 , Mxi1 (Zervos et al., 1993) , Mad3, and Mad4 (Hurlin et al., 1995a) . All four Mad proteins are similar in that they homodimerize poorly and thus lack intrinsic DNA binding activity. On the other hand, they readily form heterodimers with Max, compete for c-myc binding sites, and negatively regulate the activity of c-myc Zervos et al., 1993; Lahoz et al., 1994; Hurlin et al., 1995a) . Repression by Mad members appears to be an active process, requiring the formation of a ternary complex between Mad-Max and the protein mSin3 (Ayer et al., 1995; SchreiberAgus et al., 1995) . Mad-mSin3 association requires a highly conserved domain in the extreme amino terminus of each Mad member and is absolutely essential for that member to exert its repressive eect in vivo (Ayer et al., 1995 Hurlin et al., 1995 SchreiberAgus et al., 1995) .
Although distinct patterns of tissue-speci®c expression have been demonstrated for Mad family members (Larson et al., 1994; Hurlin et al., 1995a; Vastrik et al., 1995) , there is currently very little known about how they dier functionally. Indirect evidence suggesting unique roles for each protein has been provided by the observation that some carcinomas of the prostate, which karyotypically detectable loss of the MXI1 locus at 10q25 (Edelho et al., 1994; Shapiro et al., 1994 Wechsler et al., 1994 harbor inactivating or missense mutations of the non-deleted allele (Eagle et al., 1995) . This suggests that Mxi1 functions as a tumor suppressor in this particular neoplastic context. Although the other Mad family members have yet to be analysed as thoroughly, it is intriguing that their observed or inferred human chromosomal loci lie close to or within regions that may be deleted in certain malignant neoplasms (Edelho et al., 1994; Shapiro et al., 1994; Hurlin et al., 1995a) .
To gain a more thorough understanding of the regulation of c-myc activity by Mad family members, as well as speci®c insight into the role of Mxi1 in prostate cancer, we have initiated a search for proteins which interact with the bHLH-ZIP domain of Mxi1. We report here the cloning and characterization of one such protein, Mmip1 (Mad member-interacting protein-1). Mmip1 is a novel ZIP protein that interacts with all four known Mad family members but does not interact with c-myc, Max or with unrelated bHLH proteins. The Mad member-Mmip1 interaction requires an intact ZIP domain in both proteins. Our results indicate that Mmip1 can positively regulate c-myc activity in an indirect manner by interfering with the negative regulatory function of Mad family member proteins.
Results

Cloning and characterization of Mmip1 in yeast
To identify proteins that interact with Mxi1, we expressed its bHLH-ZIP domain in yeast in the pGBT9 vector. Preliminary characterization of the expressed protein indicated that it did not selftransactivate and interacted strongly with Max as expected (Table 1, 
lines 2 and 4).
A yeast strain harboring the above pGBT9-Mxi1 construct was next transformed with a day 11 murine embryo cDNA library constructed in the pGAD10 vector. Of approximately 10 6 clones screened, we identi®ed one which imparted histidine prototrophy as well as strong b-galactosidase activity. Preliminary DNA sequencing of the cDNA insert revealed an open reading frame, in register with the vector-encoded yeast Ga14 DNA binding domain, and with no match to any sequences deposited in GenBank. We designated this clone as Mmip1.
A more thorough evaluation of the interaction between Mmip1 and other members of the c-myc family of bHLH-ZIP proteins was undertaken in yeast (Table 1) . Mmip1 did not interact with either c-myc or Max (lines 21 and 25) even though both proteins were expressed and able to interact strongly with their appropriate targets (lines 20 and 24). Mmip1 also did not interact with the HLH proteins Id1 or MyoD (lines 29 and 32). As expected, Mmip1 interacted with Mxi1 (line 5). The strength of this interaction was consistently greater than that observed between Mxi1 and Max or between c-myc and Max (lines 4 and 20, respectively). Interestingly, Mmip1 also interacted with all other members of the Mad family, although its interaction with Mad1 and Mad4 was signi®cantly weaker than with Mxi1 or Mad3 (compare lines 12 and 18 with 5 and 15).
Two pGBT9 vectors expressing deletion mutants of Mxi1 were created to evaluate the individual contributions of the bHLH and ZIP domains to the Mmip1 interaction. pGBT9Mxi1delH1 encodes amino acids 94 ± 160 and thus lacks the basic domain as well as the ®rst helix of the HLH domain . pGBT9Mxi1delZIP encodes amino acids 60 ± 130 and thus lacks the ZIP domain. As expected, neither mutant protein interacted with Max, thus indicating the absolute dependence on both domains for mediating this interaction (lines 6 and 8). The interaction of Mmip1 with Mxi1delH1 was as strong as with the Mxi1 protein containing intact bHLH-ZIP domains (compare lines 5 and 7). In contrast, Mxi1delZIP failed to interact at all with Mmip1 (line 9). The results obtained with these two mutants indicated that only an intact ZIP domain in Mxi1 was necessary for its interaction with Mmip1. The indicated combinations of`bait' and`target' plasmids were transformed into the Y153 yeast strain and grown for 3 ± 5 days on trp ± , leu ± , his ± SC plates. Individual colonies were then streaked onto nitrocellulose ®lters and overlaid onto EGG plates for an additional 2 ± 3 days of growth. In situ b-galactosidase assays were performed as previously described (Breeden and Nasmyth, 1985) . (++++): intense blue color observed within 15 ± 30 min; (+++) intense blue color observed within 30 min ± 1 h; (7) none or faint blue color observed with overnight incubation. Each of the indicated combinations of transfections was repeated 2 ± 5 times with similar results
In vitro association between Mmip1 and Mad proteins
To con®rm the speci®city of the interactions observed in yeast, the Mmip1 cDNA insert was excised from the parental pGAD10 vector and expressed as a GSTfusion protein in the pGEX-4T expression vector. Recombinant protein was puri®ed by standard glutathione-agarose anity chromatography and used in`pull down' experiments with various members of the c-myc network, expressed as in vitro translated 35 Smethionine-labeled polypeptides. As a control, puri®ed GST alone was included in a parallel set of pulldown experiments. Following the interaction between the bacterially expressed protein and the appropriate 35 Slabeled Myc network member, complexes were precipitated by the addition of glutathione-agarose beads, washed exhaustively in binding buer, boiled, and resolved by SDS ± PAGE. As shown in Figure 1 , GST-Mmip1 interacted with all four members of the Mad family but not with Max or c-myc. In no case was an interaction observed with GST alone. Side-by-side comparisons with the respective total in vitro translation reaction indicated that 25 ± 75% of the Mad proteins entered into an association with Mmip1. These results con®rm the speci®city of the interaction between Mmip1 and members of the Mad family.
Sequence of Mmip1
A composite cDNA was created from several partiallength but overlapping clones following re-screening of the murine embryo cDNA library by standard hybridization procedures. The sequence of the cDNA showed it to be 2612 bp in length (Figure 2 ). Although the cDNA terminated with a poly(A) tract, there was no obvious polyadenylation signal that preceded this. Conceptual translation indicated a potential open reading frame beginning at nt 181 and extending to nt 1635. This was preceded by a presumptive 5'-untranslated region that contained four additional potential ATG initiation sites, all of which were closely followed by in-frame termination codons. This, together with its associated long open reading frame, allowed us to assign the position 181 ATG as the likely initiator codon.
Based upon sequence analysis, the cDNA encodes a protein containing 485 amino acids with a calculated M r =56.9 kDa and pI=6.5. The former is in excellent agreement with the observed 55 kDa polypeptide detected by SDS ± PAGE following in vitro transcription/translation of the full-length cDNA (not shown). The protein contains several prominent structural features of potential signi®cance. Perhaps of greatest interest was the presence of a ZIP domain (amino acids 264 ± 285) embedded in a larger region of high amphipathic a ± helical content. This structure was not preceded either by a bHLH domain or a basic domain as occurs in classical ZIP proteins such as c-fos and c-jun. Its presence in the protein encoded by the original Mmip1 cDNA isolate suggested that it might represent the domain responsible for the interaction with Mad proteins (Table 1) S-labeled proteins representing c-myc, the 160 amino acid isoform of human Max (Blackwood and Eisenman, 1991) , and each of the four Mad family members were synthesized using a coupled TnT in vitro transcription/translation system (Promega) in a total volume of 50 ml. 5 ± 10 ml of each reaction were mixed with 0.5 mg of puri®ed, recombinant GST (®rst lane) or GST ± Mmip1 (amino acids 86 ± 385) (middle lane). GST complexes were precipitated with glutathione ± agarose beads and washed exhaustively with wash buer (see Materials and methods) containing 250 mM NaCl except in the case of Mad3 where the wash buer contained 350 mM NaCl. In the third lane of each panel (`lysate'), an amount of total translation product equal to that used for each GST pulldown experiment was electrophoresed in parallel to provide a means of assessing the eciency of each protein's binding to GST-Mmip1. The apparent M r of each protein, estimated from visual markers run in parallel, is indicated adjacent to each panel explanation as to why the interaction between Mmip1 and Mxi1 requires only the ZIP domain of the latter protein. Amino acids 305 ± 387 contain another ahelical segment rich in acidic residues (27% Asp + Glu). Coupled with the presence of several potential phosphorylation sites, this region has the capacity to assume a state of high negative charge that could facilitate protein ± protein interaction. Finally, several short stretches of basic amino acids (most notably residues 136 ± 139, 207 ± 210, and 335 ± 338) might function as single or bipartite nuclear localization signals (Dingwall and Laskey, 1991; Garcia-Bustos et al., 1991) .
Northern blots performed with total RNA from NIH3T3 cells have indicated the presence of a single, moderately abundant, Mmip1 transcript of approximately 4 kb (not shown). This suggests that alternatively spliced initiated, or terminated RNA and/or protein isoforms are unlikely to exist and indicates that signi®cant amounts of 5', and perhaps 3', untranslated regions are missing from the sequence depicted in Figure 2 .
The interaction with Mxi1 requires the ZIP domain of Mmip1
The presence of a ZIP domain in Mmip1 suggested that it might be responsible for the interaction with Mad proteins (Table 1) . To demonstrate this directly, we expressed a series of mutant Mmip1 proteins in the pGAD vector. Each of these was tested for its ability to interact with the fusion proteins produced by pGBT9-Mxi1 or pGBT9-Mad1. As shown in Figure  3 , progressive deletions of the COOH-terminus of Mmip1 were without eect (lines 2 and 3) until they removed part of all of the ZIP domain (lines 4 and 5). Con®rmation of the importance of the ZIP domain was provided with the del262-284 internal deletion mutant which also failed to interact with either Mad protein (line 6). Finally, a point mutation which converted one of the leucines in the ZIP domain to a helix-breaking proline also thoroughly abolished the interaction with both Mad proteins (line 7). Together with the results presented in Table 1 , these experiments indicated that the Mxi1 ± Mmip1 interaction is mediated by the ZIP domains of both proteins.
Functional consequences of the association between Mmip1 and Mad proteins in vitro
To determine how Mmip1 aected the function of Mad member proteins, we performed electrophoretic mobility shift assays. In these experiments, various combinations of full-length in vitro translated proteins were mixed with a 32 P-labeled double-stranded oligonucleotide containing a c-myc binding site. As seen in Figure 4 , neither Max nor any of the individually expressed Mad members bound the oligonucleotide probe (lanes 1, 2, 7, 13, 18). However, when in vitro translated Max was mixed with equal amounts of a lysate containing any of the four Mad proteins, a strong band shift was observed (lanes 3, 8, 14, 19) The results presented above suggested that Mmip1 might be able to reverse the negative regulatory function of Mad proteins in vivo. To test this notion, we performed a series of transient transfections in CV-1 monkey kidney cells using c-myc, Mxi1, Mad1, and Mmip1 expression plasmids together with a c-mycresponsive reporter construct, ODC ± CAT. This latter plasmid contained the promoter and ®rst intron sequences of the ornithine decarboxylase (ODC) gene abutted to a CAT coding sequence (Bello-Fernandez et al., 1993) . ODC expression has previously been shown to be dependent upon c-myc, with positive regulation of the gene being, in large part, mediated by two consensus E-box elements located within the ®rst intron (Bello-Fernandez et al., 1993) . In a number of experiments, we observed a 3 ± 4-fold enhancement of ODC ± CAT activity in the presence of co-expressed cmyc ( Figure 5 compare lanes 1 and 2) . Although this represents less stimulation than has been reported previously (Bello-Fernandez et al., 1993) , it is consistent with the degree of stimulation reported with other c-myc-responsive promoters and con®rmed that the ODC promoter is under c-myc transcriptional control. The co-expression of increasing amounts of Mxi1 (lanes 3 ± 5) or Mad1 (lanes 8 ± 10) resulted in a dose-dependent repression of the ODC promoter that was consistent with the previously proposed function of Mad proteins as negative regulators of c-mycresponsive genes (Ayer et al., , 1995 Lahoz et al., 1994; Schrieber-Agus et al., 1995) . At the highest concentrations tested, both Mad proteins suppressed the ODC promoter signi®cantly below basal levels, suggesting that inhibition of endogenous c-myc protein had also been achieved. The co-expression of Mmip1 with either Mad member protein restored the activity of the fully suppressed promoter in a manner that was entirely dependent upon the amount of input Mmip1 expression plasmid (lanes 6, 7, 11, and 12). Indeed, in the case of Mxi1 the highest amounts of Mmip1 resulted in a modest`superinduction' of ODC ± CAT activity that was, on average, 1.5-fold higher than that seen when only c-myc was expressed (compare lanes 2 and 7). This suggested that high levels of Mmip1 were able to suppress endogenous Mad proteins and thus Figure 4 Electrophoretic mobility shift assays of in vitro translated myc network proteins and Mmip1. The indicated proteins were synthesized in a coupled transcription/translation reticulocyte lysate system to yeild equimolar amounts of each. 5 ml aliquots of each translation reaction were mixed with a double-stranded 32 P-labeled oligonucleotide containing a c-myc binding site and subjected to non-denaturing 4% polyacrylamide gel electrophoresis in 16TBE Buer Table 1 that the protein interacts with both Mxi1 and Mad1. Note that none of the deletions involving the ZIP domain permit interaction of the protein with either MAD member (lines 4 ± 6). A helix-breaking point mutation in the ZIP domain also destroyed the interaction with both Mad proteins (line 7). Relative strengths of interaction in the in situ bgalactosidase assay are de®ned as described in the legend to Table 1 . ND: not done
Reversal of Mad protein activities by Mmip K Gupta et al allow for a more complete c-myc-stimulated expression of the ODC promoter. We have obtained results similar to those in Figure 5 using a synthetic luciferase expression construct driven by three tandem c-myc binding sites upstream of an adenovirus E1b promoter (Gupta et al., 1993 (not shown) . These results argue that the in vivo eects of Mmip1 are not promoterspeci®c.
In a second series of experiments, we examined the eect of Mmip1 on the well recognized ability of c-myc plus activated ras genes to cooperate in the transformation of primary rat embryo ®broblasts (Land et al., 1983 (Land et al., , 1986 . Table 2 shows that both Mxi1 and Mad1 were able to suppress focus formation equally well, consistent with previously published results from other groups Lahoz et al., 1994; Hurlin et al., 1995a) . However, the co-expression of Mmip1, completely reversed the tumor-suppressor-like properties of both Mad proteins. The reversal of Mxi1-mediated suppression of focus formation by Mmip1 was more striking in that, at the highest Mmip1 levels, nearly twice as many foci were observed compared to c-myc plus ras transfected plates (lines 6 and 10).
Endogenous Mmip1 expression and co-immunoprecipitation with Mxi1
In order to determine how widely Mmip1 was expressed, we surveyed six cell lines by Western blotting using a rabbit polyclonal antibody raised against recombinant Mmip1 protein. Logarithmically growing cells were lysed under standard conditions and subjected to SDS ± PAGE followed by Western transfer. The blot was then incubated with a rabbit polyclonal anti-Mmip1 antibody followed by a secondary horseradish peroxidase-conjugated goat anti-rabbit IgG. The blot was then developed using a chemiluminescence protocol. An identical blot was processed in parallel except that recombinant Mmip1 protein was included with the anti-Mmip1 antibody. As seen in Figure 1a , each cell line expressed roughly comparable amounts of Mmip1 with an apparent M r of approximately 63 kDa, slightly larger than that of the in vitro translated product. Blocking with recombinant Mmip1 protein resulted in complete loss of the signal, thus attesting to the speci®city of the observed signal in the ®rst blot.
Like c-myc, Mmip1 was observed to be serumresponsive in NIH3T3 cells. As seen in Figure 6b , Mmip1 was markedly down-regulated following a 36 h period of serum starvation. Mmip1 protein became readily detectable within 4 h following the re-addition of serum. This ®nding is in agreement with our Northern blot analysis which reveals the absence of Mmip1 transcripts in quiescent NIH3T3 cells and their induction 1 ± 2 h following serum stimulation (not shown).
Preliminary Western blotting experiments revealed that, like Mmip1, Mxi1 was also readily detectable in NIH3T3 cells (not shown). In order to demonstrate an in vivo association between these two proteins, logarithmically growing cells were lysed under nonstringent conditions (PBS ± 1% NP40) and further disrupted by sonication. The clari®ed supernatants were immunoprecipitated with pre-immune, antiMxi1, or anti-Mmip1 antibodies. The immunoprecipitates were resolved by SDS ± PAGE, Western blotted, and incubated with anti-Mxi1 antibody followed by chemiluminiscent detection. As seen in Figure 6c , no Mxi1 protein was detected when the cell lysates were immunoprecipitated with pre-immune serum (lane 1). A strong Mxi1 signal, migrating with an apparent M r of approximately 33 kDa, was obtained, however, when the lysate was immunoprecipitated with antiMxi1 antibody (lane 2). Immunoprecipitation with anti-Mmip1 antibody (lane 3) also produced a band that was, depending upon the experiment 10 ± 30% as intense as that seen in lane 2. Disrupting pre-existing Puri®ed plasmid DNAs were added in the indicated amounts to duplicate 100 mm plates of Fisher rat embryo ®broblasts seeded the previous day at 5610 5 cells/plate. All transfection mixtures were adjusted to the same DNA concentration with pRcCMV vector DNA. Two days later, one of the duplicate plates was used in a CAT assay to establish transfection eciencies. the remaining plate was split 1 : 5 and transformed foci were enumerated 14 ± 21 days later complexes by the addition of SDS resulted in the inability to co-immunoprecipitate Mxi1 protein with the Mmip2 antibody (lane 4). Finally, when a parallel blot containing the contents of lanes 2 and 3 was probed with anti-Mxi1 antibody in the presence of recombinant Mxi1 protein, loss of the Mxi1 signal was seen (lanes 5 and 6). From these experiments, we conclude that endogenous Mxi1 and Mmip1 physically associate in NIH3T3 cells.
Discussion
Mmip1 is a novel ZIP protein which was identi®ed by virtue of its ability to interact with Mxi1 in a yeast two-hybrid screen. Characterization of Mmip1 reveals that it interacts with all four known members of the Mad family but not with c-myc, Max, or select unrelated members of the HLH family. Deletion mutagenesis has shown that the Mmip1-Mad member interactions are mediated by the ZIP domains of both proteins. Signi®cantly, deletion of the ®rst helix of the HLH domain of Mxi1 has no discernible eect on the Mmip1 interaction despite abolishing completely the interaction with Max. This indicates that, while the bHLH ± ZIP domain of Mxi1 functions in concert to promote the interaction with Max, at least one of its component sub-domains (the ZIP region) possesses an independent function. This type of association is not without precedent in the myc-Max network where an alternately spliced isoform of Max, lacking the basic domain, as well as helix 1 and the loop region of the bHLH domain, has been reported to associate with cmyc in vivo (Arsura et al., 1995) . It is tempting to speculate that there may exist other proteins containing only ZIP or HLH domains that interact with Mxi1 or other Mad proteins.
Although Mmip1 lacks a DNA binding domain, its ZIP domain is nevertheless structurally reminiscent of the ZIP domains of proteins such as c-fos, c-jun, and GCN4. In these cases, the`a' and`d' positions of the heptad repeats tend to be comprised of hydrophobic residues (Lovejoy et al., 1993; Zhu et al., 1993) . This is indeed the case in Mmip1 where seven of nine such residues are hydrophobic compared with eight of nine in the case of GCN4 and c-jun and six of ten in the case of c-fos. Similarly,`e' and`g' residues tend to be comprised of hydrophobic amino acids (O'Shea et al., 1993; Vinson et al., 1993) . At these positions, four of the eight e + g residues in Mmip1 are charged versus ®ve of eight in GCN4, and six of ten each in c-jun and c-fos. More recently, it has been determined that buried asparagine residues at the`a' position in some ZIP proteins play an important role in determining dimerization speci®cities (Zeng et al., 1997) . Asparagine residues are found in the a-position of the third heptad repeats of GCN4, all three jun member proteins, all CREB family members, and Mmip2.
As a result of its association with Mad family members, Mmip1 prevents the formation of Mad-Max complexes. In vivo, this is manifested by a reversal of Mad member-mediated suppression of c-myc as measured by either naturally occurring or synthetic promoter activation or by focus formation in a c-mycras co-transformation assay ( Figure 5 and Table 2 ). Complete reversal of either Mxi1 or Mad-mediated suppression was observed when Mmip1 was transfected in equimolar ratios. Indeed, in the former case, an approximately twofold`superinduction' of the ODC ± CAT reporter by c-myc and of focus formation by cmyc+ras was observed. This suggests that Mmip1 more eectively reversed the suppressive eects of Mxi1 than of Mad1 and is consistent our yeast twohybrid data (Table 1 ) and electrophoretic mobility shift results (Figure 4) .
It is possible to speculate as to a potential functional role for Mmip1 based upon the known expression Logarithmically growing NIH3T3 cells were disrupted under nonstringent conditions. Cleared lysates were then immunoprecipitated with pre-immune antiserum (lane 1), anti-Mxi1 antiserum (lane 2) or anti-Mmip1 antiserum (lane 3). Lane 4 was identical to lane 3 except that SDS was added to a ®nal concentration of 0.1% prior to the addition of the Mmip1 antiserum. Immune complexes were precipitated with protein A-sepharose beads, boiled and subjected to SDS ± PAGE. After transfer to a PVDF membrane, the blot was incubated with anti-Mxi1 antibody (1 : 500) and developed by ECL. Lanes 5 and 6 are identical to lanes 2 and 3, respectively except that the incubation with anti-Mxi1 antibody was performed in the presence of recombinant Mxi1 protein (100 ng/ml) patterns of c-myc and Mad proteins. Several studies have now demonstrated a generally inverse correlation between c-myc and Mad family member protein expression. For example, in some dierentiating hematopoietic cell lines, Mad1 is upregulated and is maximally expressed at a time when c-myc expression has ceased Larsson, et al., 1994; Vastrik et al., 1995) . Mxi1 expression is similarly upregulated although not in all cell lines tested or with all dierentiation stimuli (Zervos et al., 1993; Larsson et al., 1994) . Using in situ hybridization, Varstrik et al. (1995) analysed a variety of murine tissues and concluded that Mad1 expression tended to be expressed in non-proliferating, terminally dierentiating cells. Particularly robust expression was observed in quiescent epidermal keratinocytes but not in the proliferating basal keratinocyte layer. Similarly, high level Mad1 expression was detected in the well-dierentiated cells lining intestinal villi but not in the proliferating crypt region. In an independent in situ study, Hurlin et al. (1995b) observed an inverse correlation between c-myc and Mad3 in the dierentiating epidermis, with the latter gene being expressed at highest levels in terminally dierentiated, non-proliferating cells. Mad4 expression also tended to correlate strongly with terminal dierentiation. Despite these associations, they are not absolute and clear exceptions exist. Thus, both Mad1 and Mxi1 may be expressed concurrently with c-myc in proliferating hematopoietic cells Zervos et al., 1993; Larsson et al., 1994; Vastrik et al., 1995) and c-myc expression has been reported in post-mitotic, dierentiated cells and tissues which express high levels of Mad genes (DePhino et al., 1991) . Under such conditions, Mmip1 or related proteins could serve to neutralize the repressive activity of Mad members by reducing their ability to compete with c-myc for dimerization with Max. In this way, cmyc could continue to function in the face of high levels of a potential repressor. Quantitative or qualitative changes in Mmip1 might provide a means by which Mad family members could be regulated at the posttranslational level. In this way, Mmip1 may well be functionally analagous to Id proteins which modulate the activity of Class A and B bHLH proteins through the formation of functionally inactive heterodimers (Jen et al., 1992; . The absence of a basic domain in Mmip1 also raises the interesting possibility that it may serve as an Id-like inhibitor of select bZIP proteins, quite apart from the role de®ned here. Such an interaction would provide a means by which the regulation of bZIP gene products such as c-fos and c-jun could be coupled to the simultaneous (and opposite) regulation of c-myc.
Materials and methods
Yeast expression vectors
The bHLH-ZIP-encoding region of human Mxi1 (codons 60-160) (Zervos et al., 1993 was ampli®ed by the polymerase chain reaction (PCR). The forward PCR primer contained an engineered EcoRI site and the reverse primer contained a BamHI site. The PCR product was digested with EcoRI and BamHI and directionally cloned into the pGBT9 yeast`bait' vector (Bartel et al., 1993) . The resulting construct was designated pGBT9-Mxi1. Similar approaches were used to construct the pGBT9 ± Mxi1delH1 and pGBT9delZIP vectors. In the former case, the PCR product encoded amino acids 94 ± 160 of Mxi1, resulting in the deletion of the basic domain and the ®rst helix of the bHLH domain. In the second case, the PCR product encoded amino acids 60 ± 130, thus deleting the ZIP domain region. Other pGBT9 vectors were created containing human Max (codons 3 ± 160), murine c-myc (codons 362 ± 439), human Mad1 (codons 67 ± 140), murine Mad3 (codons 48 ± 150), murine Mad4 (codons 46 ± 152), murine Id1 (codons 73 ± 138), and murine MyoD (codons 83 ± 184). All of the above regions were ampli®ed from their respective cDNAs by PCR using EcoRI and BamHIcontaining synthetic primers, with subsequent manipulations being similar to those described above. A number of the above inserts were also cloned into the pGAD424 vector to serve as positive controls for previously de®ned interactions.
Several pGAD-Mmip1 vectors were constructed to map the Mxi1-interacting domain of the protein. 3' deletions were constructed using standard approaches. del262-284 contains a 23 codon deletion within the ZIP-encoding domain of the original Mmip1 cDNA isolate and was created using PCRbased mutagenesis procedures. L271P, a helix breaking Leu?Pro mutation within the ZIP domain, was constructed using an oligonucleotide-mediated m13 mutagenesis system (Mutagene, Biorad, Hercules, CA).
Expression of each of the above-described chimeric proteins at comparable levels was documented by Western blotting using antibodies directed against the Gal4 DNA binding or transcriptional activations domains (Langlands and Prochownik,1997) 
(not shown)
Yeast two-hybrid screens and Mmip1 cDNA cloning pGBT9-Mxi1 was transformed in to the Y153 yeast strain (Bartel et al., 1993; Durfee et al., 1993) . A single colony was then picked, grown, and transformed with a murine day 11 embryo cDNA library in the pGAD10 vector (Bartel et al., 1993) . Approximately 10 6 transformants were plated on his ± , trp ± , leu ± SC plates containing 20 ug/ml adenine sulfate, 20 mg ml uracil, and 20 mM 3-aminotriazole (Sigma, St Lous, MO). His prototrophs were selected and assayed for b-galactosidase using an in situ ®lter assay (Breeden and Nasmyth, 1985) . cDNAs were recovered by electroporation of yeast miniprep DNA into the E. coli strain JEB181 followed by selection on minimal medium containing all essential amino acids except leu. Individual cDNAs were characterized by re-transformation of yeast together with appropriate pGBT9-based test vectors (Table  1) .
GST pulldowns
A Mmip1 cDNA fragment, encoding amino acids 86 ± 385, was excised from the pGAD10 vector and cloned into pGEX-4T (Pharmacia, Piscataway, NJ). GST-Mmip1 fusion protein, or GST alone, was puri®ed using standard glutathione ± agarose anity chromatography and eluted in 100 mM KCl, 40 mM Hepes, pH 7.6; 2 mM EDTA; 2 mM DTT and 10% glycerol. Approximately 0.5 mg of each protein (50 ml) was incubated at room temperature for 30 min with 5 ± 10 ml of a rabbit reticulocyte lysate containing 35 S-methionine-labeled Myc family member protein synthesized by coupled T3/T7 in vitro transcription/translation (TnT, Promega, Madison, WI). Proteins were precipitated by the addition of 30 ml of glutathione ± agarose and washed three times in wash buer (10 mM Tris-HCl, pH 7.5; 1 mM EDTA; 0.25% NP ± 40 and 250 ± 350 mM NaCl, depending upon the protein combination under study). The washed pellets were then boiled in loading buer, resolved by SDS ± 12% polyacrylamide gel electrophoresis (SDS ± PAGE), and processed for autoradiography. In a separate lane, the same volume of reticulocyte lysate was electrophoresed in order to provide a denominator for the amount of bound product.
Electrophoretic mobility shift assays
All proteins were expressed as unlabeled, full-length polypeptides by in vitro transcription/translation in rabbit reticulocyte lysates. Preliminary experiments using 35 Smethionine labeling established the amounts of plasmid DNA necessary to achieve equimolar synthesis of each protein under study. All syntheses were performed as recommended by the supplier using 0.5 ± 2 mg of total plasmid DNA. 5 ml of each translation reaction were mixed and incubated at 428C for 10 min followed by an additional room temperature incubation for 10 min. An equal volume of 26binding buer (Prochownik and Van Antwerp, 1993) was added for an additional 10 min 5 ml of 16binding buer containing 1 mg poly(dI):d(C) and approximately 0.1 ng of the palindromic, doublestranded, 32 P-end-labeled EO(GAC) oligonucleotide (sp. act. 2 ± 4610 8 d.p.m./mg) (Prochownik and Van Antwerp, 1993) was added and the entire mixture was incubated for an additional 20 min at room temperature. Four percent non-denaturing polyacrylamide gel electrophoresis was carried out in 16TBE buer as previously described (Prochownik and Van Antwerp, 1993) . Gels were dried and processed for autoradiography.
Cell culture and DNA transfections CV-1 monkey kidney cells were maintained in Dulbecco's modi®ed minimal essential medium (D ± MEM) containing 10% supplemented calf serum (GIBCO ± BRL, Grand Island, NY), 100 U/ml penicillin G and 100 mg/ml streptomycin. Primary rat embryo ®broblasts (BioWhitaker, Walkerville, MD) were maintained under the same conditions except that fetal bovine serum (FBS) was used. Transient transfections in CV-1 cells were performed in duplicate plates as previously described (Van Antwerp et al., 1992) . Plasmid DNAs consisted of pSVLneo-c-myc (Zhang et al., 1997) and pRcCMV (Invitrogen, San Diego, CA) containing full-length cDNAs from Mad1 Mxi1, Mad3, Mad4 and Mmip1. DNA sequencing was performed on each plasmid to con®rm the orientation of the cDNA and the presence of an intact translation initiation sequence. Expression of each construct was con®rmed by coupled in vitro transcription/translation and by immunoprecipitation of 35 S-labeled proteins from transiently transfected Cos-7 cells (not shown). Reporter constructs consisted of ODC ± CAT (Bello-Fernandez et al., 1993) or pMyc3E1bLuc (Gupta et al., 1993) . Each transfection reaction also contained 3 mg of pCMVbGal (Clontech) to control for transfection eciencies. Plasmid DNAs were puri®ed by double banding in CsCl-ethidium bromide gradients. Cells were harvested 2 days after transfection and assayed for b-galactosidase and CAT activity as previously described (Van Antwerp et al., 1992) . Luciferase assays were performed using a standard kit according to the supplier's directions (Analytical Luminescence Laboratories, Ann Arbor, MI). Focus formation assays in primary rat embryo ®broblasts were performed essentially as described (Prendergast et al., 1995; Chen and Okyama, 1987 ) using pSVLneo-c-myc, a pBluescript plasmid containing a 6.6 kb genomic DNA BamHI fragment encompassing a human mutant H-ras gene (Gly 12 ?Val), and variable amounts of pRcCMV expression vectors for Mxi1, Mad1, and Mmip1. Each plate also received 3 mg of pCMV ± CAT (Clontech). Two days after transfection, one of the plates was used in a standard CAT assay to establish transfection eciency.
The remaining plate was split 1:5 and grown in the presence of 5% serum until reaching 80 ± 90% con¯uence at which time the serum concentration was reduced to 2%. Foci were enumerated 14 ± 21 days following transfection.
Western blotting and co-immunoprecipitation of Mxi1 and Mmip1
Polyclonal rabbit antibodies were raised against Mxi1 (amino acids 38 ± 228) or Mmip1 (amino acids 94 ± 360). Proteins were expressed as N-terminal hexahistidinetagged polypeptides in E. coli, puri®ed by nickel-agarose anity chromatography, and further puri®ed by SDSpolyacrylamide gel electrophoresis (SDS ± PAGE) before being used as immunogens. For standard Western blotting experiments, we used 50 mg of total lysate from the following cell lines: NIH3T3 murine ®broblasts, HeLa human cervical carcinoma cells, LNCaP and DU145 human prostate cancer cell lines, MOLT-4 human T-cell acute lymphocytic leukemia cells, and U937 human myelomonocytic leukemia cells. All cell lines were harvested during log-phase growth, washed twice in phosphate-buered saline (PBS) and lysed in standard SDS ± PAGE lysis buer. In separate experiments, NIH3T3 cells were grown to 80% con¯uency, washed twice in D ± MEM without serum and then incubated for 36 h in D ± MEM + 0.5% serum. At the end of this time, cells were treated with fresh medium containing 20% serum, harvested at the indicated times, and lysed as described above. Following SDS ± 12%PAGE, gel contents were electro-blotted to PVDF membranes (Millipore, Marlboro, MA) using a semidry transfer apparatus (Owl Scienti®c, Cambridge, MA). The membranes were blocked for 2 h in PBS + 0.1% Tween-20 (PBS-T) containing 5% non-fat dry milk with continuous agitation at room temperature as described . Anti-Mmip1 antibody (®nal dilution 1 : 2000 in PBS-T+milk) was added for 2 h followed by exhaustive washing in PBS-T. Horseradish peroxidase-conjugated goat anti-rabbit IgG (1 : 1000 in PBS-T+milk) (Santa Cruz Biotechnology, Santa Cruz, CA) was added for 2 h followed by additional exhaustive washing as described above. The blot was then developed using an enhanced chemiluminescence (ECL) detection kit (`Supersignal' Pierce, Rockford, IL) according to the directions of the supplier. In some experiments, recombinant Mmip1 protein was added to a ®nal concentration of 50 ng/ml together with anti-Mmip1 antibody in order to verify the speci®city of the signal.
For co-immunoprecipitation experiments, approximately 2 6 10 6 logarithmically growing NIH3T3 cells were scraped from their plates, washed twice in ice-cold PBS and lysed for 10 min on ice in 5 ml of PBS containing 1% Nonidet P-40 detergent (NP-40) (Sigma), 2 mM PMSF (Sigma), and 2 mg/ ml each aprotinin, leupeptin, and pepstatin (BoehringerMannheim, Indianapolis, IN). Following a 1 min sonication step, insoluble debris was removed by centrifugation at 10 000 r.p.m. for 10 min at 48C. The sample was aliquoted into four separate tubes and the volume of each was increased to 10 ml with the above PBS ± NP ± 40-protease inhibitor cocktail. Pre-immune, anti-Mxi1 or anti-Mmip1 antisera (®nal dilution of each: 1 : 200) were added to three of the tubes. A fourth tube received the same amount of antiMmip1 antibody along with SDS to a ®nal concentration of 0.1%. Following an overnight incubation at 48C with constant rotation, immune complexes were precipitated by the addition of 100 ml of washed protein A-sepharose (Biorad). The beads were washed three times in the above PBS ± NP40 solution without protease inhibitors and were then disrupted by boiling in SDS ± PAGE loading buer. Half of each sample was resolved by 12% SDS ± PAGE and electroblotted as described above. The blot was then incubated with a 1 : 500 dilution of anti-Mxi1 antibody. The application of goat anti-rabbit secondary antibody and ECL detection were as described above. In some experiments, identical blots, prepared in parallel, were incubated with antiMxi1 antibody in the presence of 100 ng/ml of recombinant Mxi1 protein.
